Introduction {#Sec1}
============

Patients in the neurointensive care unit (neuro-ICU) often have impaired consciousness, either due to their brain injury or because of iatrogenic interventions such as sedation. Standardised evaluation is essential to monitor clinical improvement or deterioration and response to treatment. The widely used Glasgow Coma Scale (GCS) was originally introduced as a tool to assess levels of consciousness in patients with acute head trauma, but is now used in most patients with impaired consciousness \[[@CR22]\]. However, the GCS has several limitations. Most importantly, its reliance on verbal output confounds the assessment of consciousness in patients with aphasia, the locked-in syndrome and those who are intubated \[[@CR1], [@CR24]\].

In contrast, the Full Outline of UnResponsiveness (FOUR) score does not rely on verbal assessment and includes a detailed assessment of brainstem function (Table [1](#Tab1){ref-type="table"}) \[[@CR24]\]. The FOUR score, introduced in 2005 \[[@CR24]\], has been extensively tested for validity, reliability, reproducibility and prognostic value, primarily in patients with traumatic brain injury but also in a broader neuro-ICU population \[[@CR2]\]. In general, in patients with impaired consciousness, the FOUR score allows a finer gradation of consciousness levels but has, primarily due to the missing verbal sub-score, a disadvantage in patients with only a minimally impaired consciousness.Table 1Full Outline of UnResponsiveness (FOUR) scoreEye responseMotor response 4 - eyelids open or opened, tracking, or blinking to command 4 - thumbs-up, fist, or peace sign 3 -eyelids open but not tracking 3 - localizing to pain 2 - eyelids closed but open to loud voice 2 - flexion response to pain 1 - eyelids closed but open to pain 1 - extension response to pain 0 - eyelids remain closed with pain 0 - no response to pain or generalized myoclonus statusBrainstem reflexesRespiration 4 - pupil and corneal reflexes present 4 - not intubated, regular breathing pattern 3 - one pupil wide and fixed 3 - not intubated, Cheyne--Stokes breathing pattern 2 - pupil or corneal reflexes absent 2 - not intubated, irregular breathing 1 - pupil and corneal reflexes absent 1 - breathes above ventilator rate 0 - absent pupil, corneal, and cough reflex 0 - breathes at ventilator rate or apneaEach component is summed up to a full score (i.e. from 0 to 16). The FOUR score was introduced by Widjicks et al. in 2005 \[[@CR24]\]

In the same vein, visual inspection of pupillary function is a routine measure to monitor patients with impaired consciousness and predict their outcome \[[@CR18]\], but its main disadvantage is the low interrater reliability \[[@CR15]\], whereas automated infrared pupillometry using a handheld device allows for objective and quantitative measurement of pupillary function \[[@CR14], [@CR16]\].

In this feasibility study, we aimed to assess how the FOUR score and automated pupillometry add meaningful clinical information in a regular neuro-ICU setting, compared to GCS and visual inspection of pupils. To this end, we enrolled a consecutive cohort of patients admitted to the neuro-ICU and trained nursing staff to monitor patients using the FOUR score and automated pupillometry. These assessments were used to analyse (1) if the FOUR score results in a more granular evaluation of different levels of consciousness, (2) how well visual inspection of pupillary function reflects results from automated pupillometry and (3) if nursing staff can be trained to collect FOUR scores and perform automated pupillometry in a true-to-life neuro-ICU setting.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

From June to September 2018, trained nursing staff examined a consecutive sample of patients with acute brain injury admitted to the neuro-ICU of a tertiary referral centre. Fifty-six consecutive patients (32 males, median age 63 years; IQR, 47--71; range, 19--86) with aneurysmal subarachnoid haemorrhage (32%), intracerebral haematoma (27%), traumatic brain injury (25%) or other neurological or neurosurgical conditions (16%) were assessed.

The nursing staff was taught the theoretical underpinnings and practical application of the FOUR score during 1 hour lectures, and they learned to assess pupillary diameters and light responses first by visual inspection and then by automated pupillometry (NPi200® NeurOptics pupillometer, Irvine, USA). Following this, the nursing staff assessed patients in the neuro-ICU under supervision before initiation of the main observational study period. Lectures and training were carried out by board-certified anaesthesiologists and a neurologist with expertise in neurocritical care. The Ethics Committee of the Capital Region waived the need for informed consent because data were collected as part of clinical routine (ref. number 18030137).

Patients were first dichotomized according to their lowest GCS score, so that one group consisted of patients with a GCS score of 3 at least once during ICU admission, and the other group comprised all other patients. We then dichotomized patients according to their pupillary function; i.e. patients who at least once had one or two non-responsive pupils were allocated to one group and the remaining patients to the other. Each pupil was counted as one assessment (i.e. two pupillary assessments per one assessment of consciousness level). Patients assessed more than 3 times were examined by at least two of the five trained nurses.

Clinical outcome was evaluated 6 months after admission, based on notes from electronic patient charts, using the Glasgow Outcome Scale-Extended (GOSE), and patients were again dichotomized according to their outcome (favourable, GOSE 5--8; unfavourable, GOSE 1--4). In addition, we performed logistic regression to analyse GCS and FOUR scores without dichotomization.

Literature search {#Sec4}
-----------------

To interpret results from our observational study in the context of the medical literature, we did two systematic searches of PubMed and MEDLINE (March 25, 2020) with publications from 2005 and forward. The first search was a combination of "(FOUR or (Full Outline of UnResponsiveness))" and "pupillometry", which resulted in 65 entries. Following screening of abstracts, we did not identify any relevant publications. The second search combined "(FOUR or (Full Outline of UnResponsiveness))" with "((Glasgow Coma Scale) OR (GCS))"*,* resulting in 854 entries. Entries were screened for adult patients with acute brain injury in an intensive care setting, which yielded 26 relevant publications.

Data handling and statistics {#Sec5}
----------------------------

Data handling and statistical analyses were done using R (R 3.6.1, R Development Core Team \[2008\], Vienna, Austria). Univariate logistic regression was used to analyse the cut-off of FOUR score before a significant increase in GCS was observed. The absolute difference between visual evaluation and automated pupillometry for pupillary size was compared using the Student's *t* test. Data are presented as either median, IQR and range or percentage, unless otherwise stated.

Results {#Sec6}
=======

Fifty-six patients were assessed a median of five times (IQR, 4--5; range, 1--9; total number of assessments, GCS/FOUR score, 234; visual inspection/automated pupillometry, 468). The minimum interval between assessments was 8 h. Nineteen of the patients (34%) achieved a favourable outcome (GOSE ≥ 5).

The median GCS was 6 (IQR, 3--8; range, 3--14), and the median FOUR score was 7 (IQR, 4--11; range, 0--16). Assessments with a GCS of 3 corresponded to a median FOUR score of 4 (IQR, 4--5; range, 0--6); similarly, GCS 3--5 corresponded to a median FOUR score of 4 (IQR, 4--5; range, 0--10) (Fig. [1](#Fig1){ref-type="fig"}). GCS scores \> 3 were only obtained with FOUR scores of 6 or higher (Fig. [2](#Fig2){ref-type="fig"}). Of the 43 patients who at least once had a GCS score of 3--6, 13 (35%) had a favourable outcome. In comparison, 31% of patients with GCS 7--14 achieved a favourable outcome as well (Table [2](#Tab2){ref-type="table"}). In contrast, 39% of patients with a FOUR score \> 3 achieved a favourable outcome, whereas none of the 7 patients with at least one FOUR score of ≤ 3 had a favourable outcome. Preserved brainstem reflexes seemed to be the main driver of favourable outcomes according to the FOUR score.Fig. 1Clinical assessments (*n* = 234) of 56 patients admitted to the neuro-ICU. Assessments of patients with a GCS score of 3 are depicted in dark blue. *Upper row*: Summarised GCS and FOUR scores. This graph shows that patients with a GCS score of 3 have a wide range of corresponding FOUR scores (from 0 to 6). *Lower row*: Subcomponents of FOUR score. This graph shows that the finer distinction of patients with low consciousness levels by the FOUR score is mainly due to the sub-score "brainstem reflexes". GCS, Glasgow coma scale; FOUR, Full Outline of UnResponsiveness; GOSE, Glasgow outcome scale-extendedFig. 2Scatter plot illustrating the relationship between GCS score and FOUR score, again showing that patients with a GCS score of 3 may score very differently on the FOUR (from 0 to 6). The graph depicts mean and 95% confidence intervals of GCS scores for every FOUR score (black line). Asterisks (\*\*\*) indicate significant difference (*p* \< 0.0001) from baseline (FOUR score of 0) using logistic regression. GCS, Glasgow coma scale; FOUR, Full Outline of UnResponsivenessTable 2Outcome categorized by lowest GCS and FOUR scoreMeasurementScore*N*Favourable outcome (GOSE ≥ 5)GCS34--1436 (64%)20 (36%)13 (36%)6 (30%)FOUR score0--34--167 (13%)49 (88%)0 (0%)19 (39%)FOUR score, eye response0--12--449 (88%)7 (13%)16 (33%)3 (43%)FOUR score, motor response0--12--438 (68%)18 (32%)14 (37%)5 (28%)FOUR score, brainstem reflexes0--12--48 (14%)40 (71%)1 (12%)18 (38%)FOUR score, respiration0--12--451 (91%)5 (9%)17 (33%)2 (40%)This table shows that a very low FOUR score carries a much worse prognosis than a GCS of 3. Restated, FOUR scores allow for a much finer distinction of patients with low levels of consciousness compared to the GCS. Data are presented as *n* (%). *N*, number of patients; *GCS*, Glasgow Come Score; *FOUR*, Full Outline of UnResponsiveness; *GOSE*, Glasgow Outcome Scale, Extended

Visual inspection underestimated pupillary diameter as compared to automated pupillometry by 0.4 mm (IQR, 0.2--0.7; range, 0--3.4; *p* = 0.006, Wilcoxon signed-rank test) (Fig. [3a and b](#Fig3){ref-type="fig"}), whereas assessment of pupillary constriction by visual inspection was binary (present or absent), automated pupillometry provided quantitative data with an overall median pupillary constriction of 0.35 mm (IQR 0.15--0.68; range 0--2.76). In 57 of the 86 pupils (66%) where visual inspection suggested absence of pupillary constriction, automated pupillometry confirmed this observation (median constriction 0 mm; IQR: 0--0.07; range: 0--0.38) (Fig. [3c](#Fig3){ref-type="fig"}). However, in the remaining 29 pupils (from 10 patients), where visual inspection suggested absence of pupillary constriction, automated pupillometry revealed a preserved pupillary light reflex. Furthermore, 7 pupils (from 5 patients), where visual inspection suggested intact pupillary constriction, did not constrict when examined with automated pupillometry. Visual inspection suggested absence of pupillary constriction at least once in 17 patients (88 pupils in total), 16 (94%) of which had an unfavourable clinical outcome. Absence of pupillary constriction by automated pupillometry was noticed at least once in 15 patients (77 pupils), and 14 of them had an unfavourable outcome (93%) (Table [2](#Tab2){ref-type="table"}).Fig. 3**a** Pupillary size and difference in size for every pupil assessed, i.e. the summarised numerical differences (*n* = 468). On average, visual inspection slightly underestimates pupillary size compared to automated pupillometry. **b** Comparison of every assessment of pupils assessed as 5 mm and below. This graph shows that in an individual patient, visual inspection may over- or underestimate pupillary sizes compared to automated pupillometry. **c** Pupillary constriction recorded by automated pupillometry in mm categorized by conclusions from visual inspection. Although visual inspection can suggest absence of pupillary constriction, automated pupillometry may still show that pupils do constrict. Auto. Pupil., automated pupillometry; Vis. Eval., visual evaluation; ∆Size = difference in size measured; constr., constriction; Poss., possible

Discussion {#Sec7}
==========

Frequent bedside monitoring is essential to identify clinical deterioration in critically ill patients and to evaluate treatment responses. Our results suggest that the FOUR score and automated pupillometry provide additional clinical information and prognostic information compared to the GCS and visual inspection of the pupils, especially in assessments where the GCS score is 3. Moreover, we found that training of nursing staff is feasible to implement automated pupillometry and the FOUR score for frequent bedside monitoring in the ICU.

Impaired consciousness {#Sec8}
----------------------

A GCS score of 3 is considered less predictive of outcome \[[@CR2]\]. Patients with a GCS of 3 for a prolonged period during their stay in the neuro-ICU are difficult to monitor for subtle changes in their clinical condition \[[@CR2]\]. This may occur because a GCS of 3 is frequently associated with iatrogenic causes such as sedation rather than the underlying neurological condition. Indeed, in our study a GCS score of 3 was the most common result (40% of assessments) and corresponded to a wide range of FOUR scores (from 0 to 6). These patients varied widely in terms of presence or absence of brainstem reflexes, which indicates that the FOUR score allows for a more granular classification of patients with severely impaired consciousness levels.

The FOUR score has a high interrater reliability, which has been confirmed for patients with TBI \[[@CR3], [@CR12], [@CR13], [@CR20]\], as well as patients in general ICUs \[[@CR6], [@CR19], [@CR21]\] and neuro-ICUs \[[@CR8], [@CR10], [@CR26]\]. The validity of the FOUR score renders it a good predictor of patient outcome. Validity studies have assessed the FOUR score at a specific time point during ICU admission to define the best cut-off between favourable and unfavourable outcome, showing that the FOUR score compares favourably as a predictor \[[@CR1], [@CR2], [@CR4], [@CR5]\].

Results from our cohort are well in line these findings, as no patient with a FOUR score of ≤ 3 had a favourable outcome, while having a GCS of 3 was comparable with the rest of the cohort in terms of favourable outcome (36% vs. 30%). In contrast to most previous reports, we went further and frequently repeated assessments which allow us to conclude that more information can be obtained with repeated FOUR scores in patients with the lowest level of consciousness, as compared to the GCS. In other words, very low FOUR scores are more informative and carry a much more sinister prognosis than very low GCS scores.

Pupillary function {#Sec9}
------------------

Frequent evaluation of pupillary function is valuable to monitor intracranial pressure (ICP) clinically. Evidence of fluctuations of pressure levels in certain intracranial compartments (as opposed to global ICP), often missed by a monitoring pressure transducer, is sometimes revealed by pupillary function. Reliable estimations of pupillary size and contractibility are therefore needed. In this study, we showed that estimation of pupillary size and constriction by visual inspection can be very different from what is measured using automated pupillometry.

Like the FOUR score, pupillary constriction served as a valuable outcome predictor, irrespective of the mode of assessment. Automated pupillometry is more precise and can reveal pupillary constriction below 0.1 mm (in contrast to visual inspection), although the additional prognostic value in this study appeared relatively limited \[[@CR11]\]. Still, whenever visual evaluation suggests that pupils appear not to constrict to light, automated pupillometry should be used to corroborate this, which would help avoiding wrong conclusions, including those related to prognosis. At the same time, it is important to be aware that automated pupillometry can occasionally miss a pupillary light reflex in very sluggish pupils \[[@CR9]\]. Compared to visual inspection, however, automated pupillometry does provide detailed quantitative information such as the speed of pupillary constriction, the percentage change of pupillary diameters and dilation velocity \[[@CR7], [@CR14], [@CR16], [@CR23]\]. The potential of these data as surrogate markers for the assessment of sedation, evolving brainstem damage, intracranial hypertension or consciousness levels should be investigated in future studies. Moreover, automated pupillometry might be valuable when it is mandatory to confirm the absence of pupillary function such as during brain death determination prior to organ donation.

To sum-up, our pupillary function data corroborate previous publications suggesting the overall superiority of automated pupillometry over visual evaluation of pupillary size in the neuro-ICU \[[@CR17]\], although for clinical routine we would suggest using both methods as they complement each other. Restated, automated pupillometry should be added to visual inspection of pupils rather than replacing it.

Limitations {#Sec10}
-----------

The major limitation of the present study is the low sample size. We pragmatically included a true-to-life, heterogenous cohort of patients with acute brain injury and did not adjust for factors such as sedation, disease aetiology or localization of brain damage. Since visual inspection of pupillary size and automated pupillometry were not obtained at the exact same timepoints (but for obvious reasons a few seconds apart), some of the difference between the methods could be artificial, e.g. because of changing ambient light intensity, although we made all efforts to exclude such confounders. Despite these caveats, we were able to show that the GCS has relatively limited value as a prognostic marker in the neuro-ICU and for monitoring subtle changes in the neurological status, as compared to the FOUR score, and that automated pupillometry adds valuable quantitative information as compared to visual inspection of pupils.

Conclusion {#Sec11}
==========

Training of nursing staff to implement frequent monitoring with the FOUR score and automated pupillometry is feasible in the neuro-ICU. Both measures provide additional clinical information compared to the GCS and visual inspection of pupils, in particular a much more granular distinction by the FOUR among unresponsive patients with a GCS score of 3. This corroborates earlier data showing that the FOUR score performs better than the GCS for the prognostication of ICU mortality, probably because the respiratory and brainstem reflex components of the FOUR score reflect morbidity better than does the verbal part of the GCS \[[@CR25]\] and, as stated previously, because low GCS scores are frequently iatrogenic, e.g. due to sedation and neuromuscular blocking agents. Finally, compared to visual inspection of pupils, automated pupillometry allows a much finer quantification of pupillary function, the clinical value of which needs to be addressed more in detail in future studies.

This article is part of the Topical Collection on *Neurosurgical intensive care*

**Publisher's note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

MHO---concept and design of the study, analysis of data, important intellectual content, writing of the manuscript, approval of final manuscript; HRJ, SRE, NHT---data acquisition, important intellectual content, approval of final manuscript; DGS, KM---important intellectual content, approval of final manuscript; DK---concept and design of the study, analysis of data, important intellectual content, writing of the manuscript, approval of final manuscript.

All authors certify that they have no affiliations with or involvement in any organization or entity with any financial interest (such as honoraria; educational grants; participation in speakers' bureaus; membership, employment, consultancies, stock ownership, or other equity interest; and expert testimony or patent-licencing arrangements), or non-financial interest (such as personal or professional relationships, affiliations, knowledge or beliefs) in the subject matter or materials discussed in this manuscript.

All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
